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Analysis of fractures intersecting Kahi Puka Well 1 and
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Abstract.

As part of the Hawaii Scientific Drilling Project, Kahi Puka Well 1 penetrated

about 275 m of Mauna Loa basalts overlying a sequence of Mauna Kea flow units as it
was drilled and cored to a total depth of 1053 m below land surface. A borehole
televiewer (BHTV) was run in most of the well in successive stages prior to casing in
order to obtain magnetically oriented acoustic images of the borehole wall. A total of 283
individual fractures were identified from this log and characterized in terms of strike and
dip. These data are divided into three vertical sections based upon age and volcanic
source, and lower hemisphere stereographic plots identify two predominant, subparaliel
fracture subsets common to each section. Assuming that most of the steeply dipping
fractures observed in the BHTV log are tensile features generated within basalt flows
during deposition and cooling, this fracture information can be combined with models of
the evolution of the island of Hawalii to investigate the depositional history of these
Mauna Loa and Mauna Kea basalts over the past 400 kyr. The directions of high-angle
fractures appear to be generally parallel to topography or to the coastline at the time of
deposition, as is supported by surface mapping of modern flows. Consequently, an overall
counterclockwise rotation of about 75° in the strike of these fractures from the bottom to
the top of the well represents a systematic change in depositional slope direction over
time. We attribute the observed rotation in the orientations of the two predominant
fracture subsets over the past 400 kyr to changes in the configurations of volcanic sources
during shield building and to the structural interference of adjacent volcanoes that

produces shifts in topographic patterns.

Introduction

The island of Hawaii is composed of five melded volcanoes:
Kohala, Hualalai, Mauna Kea, Mauna Loa, and Kilauea (Fig-
ure 1). Of these, Mauna Kea is the highest, and Mauna Loa is
the largest by volume. Figure 1 also shows the major rift and
fault zones located on present-day Hawaii, along with the lo-
cation of Kahi Puka Well 1 (KP-1). KP-1 was drilled and cored
as part of the Hawaii Scientific Drilling Project (HSDP) in
order to obtain a nearly continuous record of the output of an
oceanic volcano over a substantial interval of its shield-building
phase of activity. Background information regarding this
project and a summary of preliminary results are presented by
Stolper et al. [this issue].

KP-1 penetrated a sequence of basalt flows and thin sedi-
mentary interbeds [Hawaii Scientific Drilling Project (HSDP),
1994] and reached a total depth of 1653 m below land surface
(mbls). A series of geophysical logs was obtained in this well to
complement core data and to provide vertically continuous
profiles of various formation properties. As part of this scien-
tific logging program, a borehole televiewer (BHTV) was run
through most of the well in successive stages prior to sefting of
casing. The BHTV provides magnetically oriented acoustic
images of the borehole wall from which certain rock charac-
teristics may be visually investigated [Zemanek et al., 1970].
Televiewer logs obtained in this well extend from just below
initial surface casing (65 mbls) down close to total depth (1045
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mbls). Regretably, one section from 560 to 710 m could not be
logged due to unstable hole conditions, and this interval is not
included in this analysis.

The data were digitized in terms of both acoustic amplitude
and travel time according to Barton [1988] and as demon-
strated by Barton and Zoback [1992]. These processed logs
have been integrated into several complementary studies that
investigate the lithostratigraphic and hydrogeologic character-
istics of this site [Paillet and Thomas, this issue; Thomas et al.,
this issue]. In this paper we focus on the detailed analysis of
fractures that intersect the well as identified in the BHTV
images and interpret the results in terms of the growth and
evolution of the island of Hawaii.

Fracture Data

An example of an acoustic borehole image generated from
the televiewer is depicted in Figure 2 across the depth interval
from 1020 to 1024 mbls. This 4-m-thick interval encompasses a
thin, sedimentary interbed bounded above and below by thick
aphyric-basalt units [HSDP, 1994]. The densely fractured sec-
tion represents a weathered zone intersected by a thin, subho-
rizontal layer of soil; the more competent sections represent
basalt flows, each of which is intersected by an overt, steeply
dipping fracture. Because the log is magnetically oriented, the
strike and dip of these isolated fractures can be computed by
means of a simple geometric exercise after correction for local
magnetic declination [e.g., Paillet, 1993; Barton and Zoback,
1992].

A total of 283 fractures intersecting this borehole were re-
liably described in terms of strike and dip. Numerous intervals
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Figure 1. Island of Hawaii showing the five volcanoes and

their boundaries, major rift zones, and fault zones [after Peter-
son and Moore, 1987). Triangle indicates location of KP-1.

were highly damaged, altered, or washed out, and few unique
fractures could be distinguished from the complex background
structure. However, as illustrated in Figure 2, other sections
consisted of denser, intact basalt flows where individual frac-
tures were more obvious. Therefore an inherent sampling bias
probably exists in these data toward more competent rock and
away from rubbly and weathered deposits.

These fracture data are divided into three vertical sections
based upon age and volcanic source; all ages referred to in this
paper are based upon “?Ar/*’Ar and K/Ar dating results ob-
tained on core samples and reported by Sharp er al. [this issue].
(1) The upper section ranges from 65 mbls to the contact
separating the surficial Mauna Loa basalts from the underlying
Mauna Kea basalts, identified to be at a depth of about 275
mbls {Thomas et al., this issue]. This section represents approx-
imately the youngest 180 ka of depositional activity. (2) The
intermediate section consists entirely of Mauna Kea subaerial
lavas and extends from this contact down to the zone of missing
data (275-560 mbls). Ages encompassed by this vertical section
range from about 180 to 340 ka. (3) The lower section contin-
ues from the bottom of this data gap to approach total depth
(710-1045 mbls). Mauna Kea basalts again compose this in-
terval, with ages extending from approximately 360 to 400 ka.
Analysis of the televiewer data from the perspective of this
vertical record enables us to examine particular fracture char-
acteristics as they evolve over time.

Cumulative information regarding fracture strike and dip
corresponding to each designated section is plotted in Figure 3
in the form of equal-area, lower hemisphere stereographic
projections. This type of diagram is a representation of pole-
to-plane fracture densities converted to shaded contours using
spherical Gaussian statistics [Kamb, 1959]. Values listed for the
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contour intervals (CI) indicate particular increments of the
standard deviation ¢ and were chosen to optimize visual rec-
ognition. Each of the diagrams in Figure 3 depicts two high-
density zones which delineate predominant fracture subsets
within the general fracture population.

A total of 69 separate fractures were identified in the upper
275 m of the well (Figure 3a), and two subsets of nearly par-
allel, high-angle fractures clearly emerge from the overall pop-
ulation. These represent fracture planes oriented at about
N30°W. Another 70 fractures were identified from the inter-
mediate section, and the stereographic plot shown in Figure 3b
indicates that the two major subsets remain, although their
orientations have been rotated clockwise about 45° and now
strike at approximately N15°E. In the lower section, 144 addi-
tional fractures were identified. The presence of the two pre-
dominant fracture subsets persists to total depth and their
orientations are now essentially parallel at about N45°E (Fig-
ure 3¢). This represents a further clockwise rotation of 30°
compared to the section above and a counterclockwise rotation
in a chronological sense of approximately 75° over the past 400

kyr.

Interpretation

The major rift zones on the island of Hawaii are shown in
Figure 1. These are usually a surficial expression of extensional
features and are commonly coincident with topographic ridges.
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Figure 2. Example of televiewer image processed in terms of
acoustic amplitude across depth interval from 1020 to 1024 m
below land surface (mbls). High-angle fractures intersecting
basalt units dip approximately to the east (low point of sinu-
soids) at about 75° to 80°. Core descriptions reported from
Hawaii Scientific Drilling Project [1994].
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Figure 3. Sterecographic projections of fracture strike-and-
dip data associated with the three depth intervals. (a) upper,
depth from 65 to 275 mbls; age from 0 to 180 ka; (b) interme-
diate, depth from 275 to 560 mbls; age from 180 to 340 ka; (c)
lower, depth from 710 to 1045 mbls; age from 360 to 400 ka.
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This generalized structure also extends below sea level with the
development of submarine rift zones [Fornari, 1987]. The rel-
ative locations of individual rift zones with respect to their
volcanic centers have been examined by Fiske and Jackson
[1972] and by Lipman [1980], among others. These investiga-
tors conclude that the particular locations of shallow-level rift
zones are primarily controlled by the gravitational stresses
produced within a shield and, to a lesser extent, by the posi-
tions of preexisting shields that buttress the nascent volcanoes.
These types of forces are presently contributing to the dis-
placement of Kilauea [Hill and Zucca, 1987; Tilling and
Dvorak, 1993]. In addition, Martox [1993] describes the physical
characteristics of modern Kilauea flows and the development
of large cracks parallel to the coastline associated with lava
bench collapse.

We apply these observations to this analysis of fractures
intersecting KP-1 and assume that the initiation and propaga-
tion of fractures within individual basalt units are generated by
the surficial stress field acting at the time of deposition. This
implies that many of the fractures identified in the BHTV log
formed in tension during shield-building activity as a result of
an extensional stress regime controlled by topography and the
relative location of adjacent structures. Pollard and Aydin
[1988] state that fractures often form initially in tension and
that joints produced by the cooling of a lava flow usually are
perpendicular to the flow surface. The vertical extent of these
joint patterns is limited by the thickness of the basalt unit and,
as seen in Figure 2, may be constrained by the presence of a
sedimentary interbed.

The fracture information collected in this well based on the
BHTYV logs enables us to separate the high-angle and presum-
ably tensile fractures from the gencral fracture population in
order to examine the development of these extensional fea-
tures as a function of depth and its surrogate, age. Only frac-
tures with dips greater than 50° are considered from the three
stereographic plots shown in Figure 3, and their orientations
are presented as rose diagrams in Figure 4 alongside a con-
ceptual model for the evolution and growth of the island of
Hawaii as proposed by Moore and Clague [1992]. The location
of the drill site (triangle) is projected to earlier time on the
present-day base map. Since all lavas recovered from KP-1 are
subaerial, it appears that the drill site was above sea level
considerably earlier in the evolution of the island than is pos-
tulated by Moore and Clague {1992]. These investigators based
their model on a 500-kyr volcanic life cycle. However, new
information obtained from this drilling project indicates that
this estimate is too short by a factor of ~2; the life span of a
volcano on the island of Hawaii is closer to 1 Myr [DePaolo and
Stolper, this issuc]. Thus the 200 ka and 100 ka ages listed in
Figure 4 should be roughly 400 ka and 200 ka, respectively, and
the rose diagrams corresponding to these revised ages are
presented alongside the appropriate panel.

Each rose diagram is associated with a particular time inter-
val and, correspondingly, with a particular stage of island
growth; all three diagrams depict fracture orientations that are
generally parallel to topography or the coastline at the time of
deposition. At early time (400-360 ka), Mauna Kea is the
source volcano and the two predominant fracture subsets are
parallel to each other. At later time (340-180 ka), Mauna Kea
is waning and its structural interaction with Mauna Loa pro-
duces a change in slope direction at the projected drill site.
This activity appears to have two effects on the fracture pop-
ulation: (1) there is a slight counterclockwise rotation in the
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Figure 4. Evolution and growth of island of Hawaii on present-day base map [from Moore and Clague, 1992],
with corresponding fracture orientation data associated with each stage. H refers to Hualalai, MK to Mauna
Kea, ML to Mauna Loa, and Ki to Kilavea. Bathymetric contours show depth in kilometers, and landslides
are depicted by stippled pattern. Solid stars represent vigorous subaerial volcanic centers, open stars represent
waning subaerial volcanic centers, and open circles represent dormant or near-dormant subaerial volcanic
centers. The location of the drill site is projected to earlier time and identified by a triangle. Rose diagrams
depict strike direction (for fractures with dips >50° only) corresponding to ranges in age assigned to the three
sections of the well from core analyses. Ages of the three stages taken from Moore and Clague [1992] are too

young by a factor of ~2 (see text).

general fracture population, and (2) the two major fracture
subsets are no longer parallel. These characteristics are also
evident in the late fracture data (180 ka to present). Counter-
clockwise rotation continues, and the orientations of the frac-
ture subsets seem to reflect the influences of both the Mauna
Loa and Kilauea volcanic centers. Stearns and Clark [1930]
report that the growth of Kilauea against the southeast flank of
Mauna Loa produced a change in the behavior pattern of the
Mauna Loa fault systems. It also produced shifts in slope
direction and depositional patterns, as is evident in the two
primary fracture modes depicted by the rose diagram.

Discussion

Ages of core samples reported by Sharp et al. [this issue] and
a model for island evolution proposed by Moore and Clague
[1992] provide an interpretive framework from which to exam-
ine the depositional environments of Mauna Loa and Mauna

Kea basalts penetrated by KP-1. We assume that most of the
steeply dipping fractures identified in the televiewer images are
tensile fractures generated within basalt units during deposi-
tion and cooling and proceed to analyze statistically the distri-
butions of these fractures.

Two predominant fracture subsets are identified, and their
systematic rotation as a function of depth and age, as shown in
Figure 3, represents a methodical change in depositional slope
direction over the past 400 kyr. The clear emergence of these
subsets common to all three depth intervals indicates that
postdepositional forces have not dramatically altered fracture
patterns. A certain degree of structural stability may be in-
ferred from the lack of major landslides in this area (Figure 4).

An overall counterclockwise rotation of about 75° has oc-
curred in the direction of high-angle fractures, from an early
NE-SW orientation to the present-day NW-SE direction. Since
fracture orientations appear to be generally parallel to topog-
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raphy or the coastline at the time of deposition, we attribute
this rotation to changes in location of volcanic sources and the
relative structural impact of adjacent volcanoes on topography.
In this instance, the chronological record of fracture orienta-
tion can be analyzed in terms of stress history and the recon-
struction of island growth at a particular location.
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